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Abstract: In this study we consider an extension of the Standard Model with a
complex hypercharge zero triplet scalar. In this scenario one of the charged Higgs
bosons remains purely triplet and does not couple to the fermions, making it elusive
at colliders. Also the physical pseudoscalar is a pure triplet and this purity makes it a
suitable dark matter candidate without the need of discrete symmetries, unlike other
extensions. The bounds from relic density and direct dark matter search experiments
select its mass to be ∼ 1.35 − 1.60 TeV. The pure triplet charged Higgs gives rise
to displaced signatures and their sensitivity at LHC and MATHUSLA have been
studied. The prospects at present and future hadron/muon colliders of such exotic
scalars are pointed out by calculating their productions cross-section and dominant
decay modes. We present also the expected reach for the triplet states at a multi-TeV
muon collider.
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1 Introduction
The Higgs boson discovery was the last key stone of the Standard Model (SM) [1, 2].
However, the SM Higgs boson mass aces the quadratic divergence as it is not pro-
tected by any symmetry like chiral symmetry or gauge symmetry. Supersymmetry
came as astounding solution in canceling the quadratic divergence and in its minimal
extension with R-parity provides the much needed dark matter candidate. The Min-
imal Supersymmetric Standard Model (MSSM) predicts four physical Higgs bosons:
one charged Higgs, two CP-even and one CP-odd. The lightest CP-even Higgs boson
mass in the MSSM is predicted to be lower than the Z boson mass, at tree-level.
On the contrary, the observed Higgs boson mass is around 125.5 GeV: this demands
large loop-corrections with either a heavy SUSY (supersymmetry) mass scale or a
highly fine-tuned parameter space [3]. An extension of the Higgs sector softens the
amount of quantum corrections needed contributing to the Higgs mass both at tree-
as well as loop-level. This makes SUSY at the TeV scale a theoretical reality [4–7].
However, the non-observation of any other beyond-the-Standard-Model (BSM)
states situated these Higgs bosons masses to rather high values or somehow are not
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probed so far. The intriguing quest one might ask is that if there are Higgs bosons in
the mass ranges already probed by LHC but still not visible. One naive possibility
is if the Higgs boson that is produced potentially decays in invisible modes. The
other striking possibility is that if such scalars are feebly produced at hadron collid-
ers. Such theoretical possibility arise when the Higgs bosons coupling to fermions
is highly suppressed, which inhibits both the productions via quarks/gluons and the
decay channels in the fermionic modes. This kind of scenario will provides the guide-
line of this paper. Because the SM does not have a right-handed SU(2) doublet, an
SU(2) triplet Higgs boson with zero hypercharge cannot couples directly with the
fermions. A Higgs boson in such representation, together with an extra Z2 symmetry
can provide the much needed dark matter [8–10]. In a non-supersymmetric (non-
SUSY) framework we can extend the SM with a real Y = 0 triplet, conversely to the
corresponding supersymmetric case, where we need to have a complex Y = 0 triplet
along with two Higgs doublets to fulfill the anomaly free condition and holomorphic-
ity of superpotential [4–7, 11–13]. Hence it’s clear that the minimal supersymmetric
and non-supersymmetric extensions of the SM are rather different. Specifically, in
the real case we do not have any pseudoscalar and the charged Higgs bosons are
conjugate to each other [8–10, 14]. The choice of a complex Y = 0 representation
in a non-SUSY framework certainly invokes an extra physical pseudoscalar. How-
ever such a pseudoscalar will have no room to mix with the doublet Higgs, unlike
other SUSY/non-SUSY extensions, e.g. the MSSM or the Two-Higgs-Doublet-Model
(2HDM) [15]. This purity fabricates the pseudoscalar as dark matter candidate be-
cause, without adding any discrete symmetry, its cubic interactions with fermions
and gauge bosons cease to exist. In a nutshell, adding a Y = 0 complex triplet
to the Higgs sector of the SM brings a natural dark matter candidate, the physical
pseudoscalar.
This article is organized as follows. In Section 2 we briefly discuss the main fea-
tures of the model, the electroweak symmetry breaking along with the CP-conserving
mass eigenstates of the Higgs sector and its custodial limit. The phenomenology of
the model is examined in Section 3: we address its dark matter content, the main
physics of long-lived BSM particles and the effect of the extra-scalars on the tri-
linear and quartic Higgs self-couplings. In Section 4 we present the results for the
main collider signatures of the model at present and future facilities. We draw our
conclusions in Section 5.
2 Complex triplet Extension of the Standard Model
In this Section we discuss the extension of the Standard Model with a complex
triplet with Y = 0, which we name complex Triplet extension of the Standard Model
(cTSM). The gauge and fermion sectors are identical to the Standard Model ones,
and we do not write them here. The only difference with the SM lays in the scalar
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sector, where apart from the usual Higgs doublet
Φ =
(
φ+
Φ0
)
(2.1)
we consider a complex triplet with Y = 0 hypercharge, namely
T =
1√
2
(
t0
√
2 t+1√
2 t−2 −t0
)
(2.2)
We stress that, as a consequence of being a complex multiplet, (t+1 )∗ 6= t−2 and t0 is
also complex. The neutral component of H and T will acquire a vacuum expectation
value (VEV) and break the electroweak symmetry,
Φ0 =
1√
2
(v + φ0 + i σ0) , (2.3)
t0 =
1√
2
(
vT + φ
t
0 + i σ
t
0
)
. (2.4)
After the spontaneous electroweak symmetry breaking (EWSB) the scalars mix and
gauge bosons and fermions became massive via the Brout-Engler-Higgs mechanism
[16–18]. In particular, the masses of the gauge bosons are given by
mW =
1
2
g2
√
v2 + 4v2T , mZ =
1
2
√
(g21 + g
2
2)v (2.5)
where g1 and g2 are the gauge coupling constant of the U(1)Y and SU(2)L groups
respectively. It is well known that such an extension of the SM will not respect the
custodial symmetry, manifested by the fact that
ρ =
m2W
m2Z cos
2 θw
6= 1 (2.6)
at tree-level. The experimental value of the ρ-parameter is [19]
ρex = 1.00038± 0.00020 (2.7)
and this will constraint the allowed values of vT . 5 GeV .
2.1 Scalar potential and mass matrices
Although not explicitly stated, we have assumed that we are in a situation where CP-
symmetry is not violated spontaneously (v > 0, vT > 0) nor explicitly. The explicit
CP violation occur if one consider complex parameters for the scalar potential. In
this paper we will consider only the scenario where CP-symmetry is not violated. In
the CP-conserving case the potential of the model is
V = µ2Φ†Φ +
λH
2
Φ†ΦΦ†Φ +m2T tr[T
†T ] +
λT
2
tr[T †TT †T ]
+
λHT
2
Φ†Φ tr[T †T ] + κHT (tr[Φ†TΦ] + h.c.), (2.8)
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where µ,mT are SM Higgs bosons and the complex triplet mass terms respectively.
λH , λT and κHT are dimensionless and dimensionful couplings for scalars respectively.
As already stated, the parameters entering in Eq. (2.8) are assumed to be real. The
real part of neutral triplet, i.e. φt0, of course mixes with the doublet neutral φ0 via
κHT and λHT .
After EWSB the scalars mix, and the conditions for the minimum of the potential
are given by
µ2 = −λH v
2
2
+ κHTvT − λHT
4
v2T (2.9)
m2T = −
λT v
2
T
4
+ κHT
v2
2vT
− λHTv
2
4
(2.10)
We define the mixing in the scalar sector as
hi = R
S
ij Hj , ai = R
P
ij Aj , h
+
i = R
C
ij H
+
j (2.11)
where ~H = (φ0, φt0), ~A = (σ0, σt0), ~H+ = (φ+, (t
−
2 )
∗, t+1 ) and RS,P,C are the rotation
matrices for scalar, pseudoscalar and charged Higgs bosons respectively. The mass
matrices for CP-even, CP-odd neutral scalar and charged scalars are given below
MS =
(
λHv
2 λHT
v vT
2
− κHTv
· 1
2vT
(κHTv
2 + λTv
3
T )
)
, (2.12)
MP =
(
1
4
v2 ξZ(g2 cos θw + g1 sin θw)
2 0
· κHT v22vT
)
, (2.13)
MC =

1
4
g22ξWv
2 + 2κHT vT
v
2
√
2
(2κHT − g22ξWvT ) v2√2(2κHT − g22ξWvT )
· κHT v2
2vT
+
v2T
4
(λT + 2g
2
2ξW )
v2T
4
(2g22ξW − λT )
· · κHT v2
2vT
+
v2T
4
(λT + 2g
2
2ξW )
 .
(2.14)
For our analysis we have chosen the unitary gauge, where ξZ = ξW ≡ 0. Looking at
Eq. 2.13 we can conclude that the physical pseudoscalar of the model will be a pure
triplet state even after EWSB.
2.2 Eigenvalues and Eigenvectors of the Scalar Sector
A remarkable feature of the cTSM is that we can write analytical expressions for
both eigenvalues and eigenvectors of the scalar spectrum. The pseudoscalar sector is
by far the simplest. The mass of the physical pseudoscalar is given by
m2aP = κHT
v2
2vT
. (2.15)
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and the other pseudoscalar is the neutral Goldstone boson. The structure of this
physical pseudoscalar boson in terms of the gauge eigenstates is given by
aP = σ
t
0. (2.16)
Thus the physical pseudoscalar is a pure triplet, the reason being that it’s orthogonal
to the neutral Goldstone, which is a0 ≡ GZ = σ0 and hence the nomenclature aP .
This feature has some important consequences. The most important is that aP
does not couple with the fermions, nor at tree-lever or at loop order. The physical
pseudoscalar neither has the tree-level cubic interactions with gauge bosons nor with
hi Z. We remind that the vertex AHiZ is non-zero in the 2HDM as well as in
supersymmetric scenarios [10, 11]. The absence of a coupling with the fermions
means that it will also have no loop-level couplings with the vector bosons as well.
This rare quality promotes the triplet pseudoscalar to be a candidate dark matter,
if it is the lightest among the other triplets.
Similar to the pseudoscalar sector, even the physical charged Higgses have a pure
state. After EWSB, the expressions of the charged Higgs bosons in terms of their
gauge-eigenstates is
h+T =
2vT√
v2 + 4v2T
φ+ +
2v√
2
√
v2 + 4v2T
(t−2 )
∗ +
2v√
2
√
v2 + 4v2T
t+1 , (2.17)
h+P = −
1√
2
(t−2 )
∗ +
1√
2
t+1 , (2.18)
h+0 = −
v√
v2 + 4v2T
φ+ +
√
2vT√
v2 + 4v2T
(t−2 )
∗ +
√
2vT√
v2 + 4v2T
t+1 . (2.19)
Here h±0 ≡ GW is the charged Goldstone boson that exhibit a mixing between doublet
and triplet degrees of freedom. The same is true for the mostly-triplet charged Higgs
h+T . The triplet part of the Goldstone boson is complemented by the doublet part of
h+T . Conversely h
+
P remains a pure state even after EWSB.
As we can see from Eq. 2.19 the rotation angles RC0i of the charged Goldstone
are functions only of the VEVs of the neutral scalars. The Goldstones are in fact
the fingerprint of EWSB mechanism, which will take place when the neutral scalars
develop VEVs and hence their expression cannot be affected by other parameters of
the potential. Even in this case the nomenclature chosen for the massive charged
Higgs bosons is related to their structure in terms of the gauge eigenstates. The
masses for these two physical charged Higgs bosons are given by
m2
h±T
= κHT
(
v2
2 vT
+ 2 vT
)
, (2.20)
m2
h±P
=
1
2 vT
(
κHTv
2 + λT v
3
T
)
. (2.21)
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Unlike the pseudoscalar and the charged Higgs sectors, in the CP-even neutral
sector both the CP-even neutral scalars are mixed states of doublet and triplets.
Their expression is given in Eq. 2.22 and Eq. 2.23 respectively,
hD =
1
NhD
(
(8 v2κ3HT + . . .)φ0 + 16κ
3
HTv vT φ
t
0
)
, (2.22)
hT =
1
NhT
(
(−2κHTvT + (λHT − 4λH)v2T )φ0 + κHT v φt0
)
. (2.23)
Here NhD/T are normalization factors. Looking at Eq. (2.22), we can see that the
coefficient of φ0, which is the doublet contribution, is ∼ v2 + O(vkT ), whereas the
triplet part is ∼ v vT . Hence the neutral scalar hD is a mostly-doublet state, and
compatible with the observed Higgs boson around 125.5 GeV. The opposite is true
for hT , which is a triplet-like state. The masses of these CP-even scalars are given
by
m2hD = λHv
2 − 2κHT vT + 2 (λHT − 2λH) v2T , (2.24)
m2hT =
κHT
2vT
(
v2 + 4v2T
)
+ (8λH − 4λHT + λT ) v
2
T
2
, (2.25)
where the model parameters get constraints from the recent Higgs boson mass and
branching measurements at ATLAS and CMS experiments at the LHC [20, 21], which
will be discussed later.
Let us remark an essential features of the model. The coupling of the neutral
scalars with the fermions are proportional to the coefficient of φ0 given in Eq. 2.22
and Eq. 2.23. The reason is because the triplet does not have direct interaction with
the fermions. The φ0 coefficient of hT is related to vT/v and this means that the
coupling of hT to the fermions is highly suppressed.
Let us also have a closer look on the vertices involving the pure states of the model
aP and h±P and the gauge bosons W
±, Z. Here we have the couplings aP h+i W− and
Z h+i W
− in terms of the rotation angles, as defined earlier,
gaP h+i W− = −
gL
2
(
RP21R
C
i1 −
√
2RP22(R
C
i2 −RCi3)
)
, (2.26)
gZ h+i W− = −
i
2
gL
(
gY v sin θWR
C
i1 +
√
2gLvT cos θW (R
C
i2 −RCi3)
)
. (2.27)
It is interesting to see that whenever we have only one pure state in the vertex , i.e.
aP or h±P , these two couplings vanish as can be seen using the explicit expressions
of the rotations for the charged Higgs in Eqs. 2.26-2.27. However the appearance
of such pure states twice in a vertex (e.g. aPh+PW
−) makes it non-zero. The pure
triplet nature acts effectively as an odd number in a discrete Z2 symmetry.
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2.3 Custodial-Symmetric Limit
Before concluding this section we briefly comment on the scalar spectrum in the inert-
triplet scenario. This case corresponds to the restoration of the custodial symmetry
at tree-level. From Eq. (2.5) it is clear that in the limit vT → 0 we obtain ρ ≡ 1
at tree-level. In this case the scalar spectrum is further simplified w.r.t. the case
vT 6= 0. In fact we have a complete degeneration among the triplet states and all
states are pure, i.e. either doublet or triplet. The massive scalar spectrum is then
given by
m2hD = λHv
2, m2
h±T,2
= m2
h±T,1
= m2aT = m
2
hT
= κHT
v2
2vT
(2.28)
hD = φ0, hT = φ
t
0, aT = σ
t
0, h
±
T,1 = t
+
1 , h
±
T,2 = (t
−
2 )
∗ (2.29)
The limit vT → 0 outlines a peculiar scenario. Apart from the doublet neutral scalar,
which is now the SM Higgs boson, we have 4 degenerate states that do not couple
with the fermions at tree level. They can be generated in pairs from the SM Higgs
boson or the massive gauge bosons. Such scenario resembles the inert real triplet
one [9, 10] with the possibility of either hT or aT being a dark matter candidate.
3 Phenomenology of the cTSM
In this section we address the relevant phenomenology of the cTSM, focusing on
three different topics, the presence of a Dark Matter (DM) candidate, the possibility
of long-lived (LL) heavy states and the self-interaction of the Higgs boson(s). As we
are going to see, the first two possibilities are closely related to each other.
3.1 Dark Matter
The possibility of a scalar DM candidate has attracted considerable attention in the
recent years. The Weakly-Interactive Massive Particle (WIMP) paradigm was first
proposed in the context of the MSSM, where the natural DM candidate is a fermion
[22]. However there is no need for SUSY if one want to address the problem of DM.
The possibility of minimalistic models with a scalar or fermionic DM candidate has
then been analyzed from a more general point of view [10, 23–26]. Even in the case
of triplet extensions of the SM constraint were imposed on the mass of the stable
particle that acts as DM state. There are some difference of course giving the detail
of the model considered, but for a scalar DM the representation of the gauge group
plays a crucial role.
In spite of the various analysis that can be found in literature, it seems that
not every possibility has been considered. In fact, in the context of the cTSM, we
naturally have a DM candidate in the massive pseudoscalar aP . As we have explained
in the previous section, the massive pseudoscalar is a pure triplet state. Thus it has no
– 7 –
coupling with the fermions and hence no coupling with the photons. Its pseudoscalar
nature forbids the coupling with the massive gauge bosons. In other context, such
as the extension of the SM with a real triplet, these features are a consequence of
an imposed Z2 parity, which assign parity +1 to the SM fields and parity −1 to
the triplet scalar [9, 10, 27, 28]. In this way the neutral component of the triplet
multiplet became the DM candidate. Apart from the triplet extensions of the SM,
models with extra scalars in smaller representations of SU(3)c × SU(2)L × U(1)Y
were also considered. Even in these scenarios extra symmetries (global and/or local)
are needed to ensure the stability of the DM candidate [25, 29–33].
In the cTSM, instead of imposing a Z2 parity (or enlarging the gauge group), we
have a purity symmetry for the pseudoscalar which behaves similarly. Of course this
is a special feature of the massive pseudoscalar and it is related to the orthogonality
between aP and GZ , the Goldstone of the Z boson. We would emphasize that such a
symmetry is not imposed on the Lagrangian but naturally emerges as a consequence
of the interplay between the matter content and the gauge symmetry of the model.
The mass of the scalar DM candidate for which the observed relic density is
correctly achieved lays in the TeV range [10, 23, 34].
3.2 Parameter scan
In order to obtain the correct relic density for the DM candidate, we have imple-
mented the model in MadDM v.3.0 [35] with the help of SARAH-4.14.1 [36] for the
generation of the Universal FeynRules Output (UFO). The scalar spectrum has been
obtained through a scan over the parameter space with
vT ∈ [0, 5]GeV, λH,HT, T ∈ [−3/2, 3/2], κHT ∈ [10, 500]GeV (3.1)
We have selected the benchmark points (BPs) with
mhD = 125.18± 0.16GeV,
∣∣RS11∣∣ > 99/100 (3.2)
The second condition implies that hD (considered as the lightest neutral scalar)
has SM-like couplings with quarks, leptons and massive gauge bosons, satisfying the
recent bounds from LHC [20, 21]. This also implies that the coupling of hD with two
gluons has the correct SM-value. The situation is slightly different for the coupling
of hD with two photons. In fact in the cTSM we have two massive charged scalars
that enters in the loop-induced interaction hD γ γ. The partial decay width of hD in
diphotons is given by [39]
ΓhD→γγ =
Gµα
2m3hD
128
√
2pi3
∣∣∣∑
f
NcQfghDffA
h
1/2(τf ) + ghDV VA
h
1(τW ) (3.3)
+
∑
s
m2W
2 cos θ2Wm
2
h±s
ghDh±s h∓s A
h
0(τs)
∣∣∣2.
– 8 –
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
γγ
-4 -2 0 2 4
200
400
600
800
1000
λHT
m
h
+
[G
e
V
]
μγγ - ATLAS or CMS
Figure 1. Charged Higgs boson mass as a function of λHT . The region in red is excluded
by the recent measurements of the diphoton signal strength of ATLAS or CMS [37, 38].
Here h± ≡ h±P/T and their masses are considered to be the same.
Here AΦ0,1/2,1(τ) are the scalar, fermion and vector one-loop functions respectively
[40]. The coupling ghDh±s h∓s is the trilinear interaction of the lightest Higgs with the
charged Higgs bosons, normalized to im2Z/v. For the two charged Higgs bosons of
the cTSM we have
ghDh±P h
∓
P
≡
λhDh±P h
∓
P
im2Z/v
=
1
im2Z/v
(−i)(λHT vRS11 + 3λTvTRS12), (3.4)
ghDh±T h
∓
T
≡
λhDh±T h
∓
T
im2Z/v
' 1
im2Z/v
(−i)
(
λHT vR
S
11 + 8κHT
vT
v
RS11 + λTvTR
S
12
)
. (3.5)
In light of the recent results for the Higgs in diphoton signal strength [37, 38], defined
as µγγ = ΓSMh→γγ/ΓΦ→γγ, we have to consider BPs compatible with
µATLASγγ = 0.99
+0.15
−0.14 , µ
CMS
γγ = 1.10
+0.20
−0.18. (3.6)
In Figure 1 we present the allowed regions of mh±
T/P
− λHT from the diphoton signal
strength in the cTSM1. The masses of both h±P and h
±
T are considered to be the
same2, cfr. Eqs (2.20) and (2.21). The region in red is excluded by the recent results
of the Higgs in diphoton signal strength [37, 38]. We can see that a charged Higgs
boson with mh± >∼ 600 GeV is compatible with the recent LHC data.
1For a conservative estimation of the allowed mass of the charged Higgs we set κHT = 500 GeV
and vT = 5 GeV. The exclusion region has a mild dependence on κHT and vT .
2Their small difference (<∼ O(1) GeV) wouldn’t affect much our results for the diphoton con-
straint.
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Next we analyze the constraints coming from the dark matter analysis, i.e. from
DM relic calculation and direct DM searches. In this scenario the pure triplet pseu-
doscalar aP is the DM and due to its SU(2) charge it dominantly annihilates to
W+W−. Its annihilation to ZZ is less dominant. There is also a co-annihilation
channel via aPh±P → ZW± whereas aPh±P → tb/cs are the sub-dominant ones. More-
over because the purity acts like a discrete symmetry the co-annihilation cross-section
of aPh±T → ZW± is zero.
The parameter space has been scanned as shown in Eq. 3.1 and Eq. 3.2. We’ve
used MadDM v.3.0 [35] to compute the relic abundance of the DM candidate. The
measured value of this important cosmological parameter is [41]
(ΩDM h
2)exp. = 0.1198± 0.0015. (3.7)
We present our results in Figure 2. In particular, Figure 2(a) shows Ωh2 versus
mDM . The black points satisfy Eq. 3.2 together with the constraint from the diphoton
signal, given in Eq. 3.6. We’ve enlightened in orange the points with λHT = 0 and
the green band represent the Planck constraint on the relic abundance, cfr. Eq 3.7.
By looking at the zoomed plots of Figure 2(a), we can see that there is a minimum
value for the DM mass for which the correct DM relic can be obtained and which is
around
mminDM ≡ mminaP ∼ 1.35TeV, (3.8)
and corresponds to the λHT ∼ 0 case. The maximum possible value of the DM mass,
consistent with the observed relic density for the scan, is
mmaxDM ≡ mmaxaP ∼ 1.60TeV. (3.9)
Next we consider the direct dark matter detection bounds where the DM can-
didate must fulfill the constraint on the DM-nucleon (DM-N) cross-section. The
DM-N scattering can take place as shown in Figure 3. We remind that the pure
pseudoscalar aP cannot couples directly with fermions, however its interactions to
the neutral triplet- or doublet-like scalars hT/hD make a way out for the DM-nucleon
scattering. Such interaction with quarks is proportional to its doublet component,
as explained before.
The tree-level DM-nucleon scattering cross-section is given by
σtreeDM−N ≈
4
3pi
s2αT c
2
αT
m2Nµ
6
DM−N
m2DMv
2v2T
(m2hD −m2hT )2
m4hDm
4
hT
v4DM , (3.10)
where we denote sαT = sinαT as the sine of the mixing angle between hD and hT ,
the mediators of the DM N → DM N scattering [45, 46]. After imposing the
constraints in Figure 2(b) depicted by blue points, we see there are plenty of points
allowed by both DM relic and direct DM search constraints.
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Figure 2. (a) Relic density as a function of the DM mass. The black points satisfy the
LHC constraints on Higgs couplings. We have marked in orange the points with λHT = 0.
The green area represent the Planck results [41]. (b) Relic density as a function of the
DM mass. In blue the points that are allowed by the direct searches [42–44]. (c) DM-N
cross-section as a function of the DM mass. In black, magenta and yellow we plot the
constraints coming from XENON1T [42] , PICO [43] and LUX [44] respectively. We mark
in green the points that satisfy the Planck constraint on relic abundance.
In Figure 2(b)-(c) we present the direct detection constraint on the DM candi-
date. Specifically, Figure 2(b) is the correlation plot between Ωh2 and mDM where
the blue point are allowed by the direct DM searches [42–44]. We plot in Figure 2(c)
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NaP aP
hD/hT
N
Figure 3. Dark matter - nucleon scattering in the cTSM. The process is mediated by the
neutral scalars hD and hT . Their interaction with the fermions is proportional to RS11 and
RS21 respectively.
the cross-section versus DM mass for our scanned data points. It is evident that most
of the points are allowed by the bounds coming from different experiments measur-
ing the spin-independent cross-section, like XENON1T [42] or the spin dependent
cross-section, like PICO [43] and LUX [44]. These bounds are shown in black, red
and yellow respectively in the plot. The green points are those satisfying the correct
relic density.
Moreover, from Figure 2(b) we can conclude that if λHT ∼ 0 a pseudoscalar with
maP < 1.35 TeV is still compatible with the direct detection constraint(s), although
the relic density in this case is below the observed one. This might suggest the
possibility of a DM sector, composed by a heavy BSM particle and other (unspecified)
physical objects.
In light of this result for the mass of the DM candidate of the cTSM we can
reconsider the reason for vT being a small parameter, vT ∼ O(1) GeV. In fact, from
the expression
m2aP =
κHT
2
v2
vT
(3.11)
we obtain that
vT =
κHT
2
v2
Λ2DM
' κHT
2
× 0.03GeV (3.12)
The cTSM has then only two scales, namely ΛEW ∼ v and ΛDM ∼ mDM .
3.3 Benchmark points
Having analyzed the DM content of the cTSM we are able to select points in the
parameter space that satisfy the current constraints on the known physics coming
from both earth-based and space experiments. In Table 1 we present the masses and
the couplings for the two benchmark points for the collider studies allowed by the
Higgs data at the LHC [37, 38] and the DM relic constraints [41].
We report in Table 2 the branching ratios of hT , h±T and h
±
P . The neutral triplet-
like scalar hT decays dominantly in W+W−, with a small difference between the
– 12 –
Parameters
Benchmark points
BP1 BP2
λHT 0.67 -0.041
κHT 55.85 299.70
λH 0.26 0.31
λT 0.57 0.67
vT 0.85 4.86
mhD 125.17 125.09
mhT 1411.75 1366.87
maP 1411.72 1365.79
mh±P
1411.89 1365.96
mh±T
1411.92 1367.02
Table 1. Benchmark points consistent with the Higgs data at the LHC and DM relic. The
masses as well as the dimension-full parameter vT and κHT are expressed in GeV.
Branching Ratios
hT
W+W− hD hD Z Z t¯ t
BP1 BP2 BP1 BP2 BP1 BP2 BP1 BP2
0.478 0.466 0.241 0.251 0.241 0.240 0.040 0.042
h+T
W+Z W+hD b¯ t
BP1 BP2 BP1 BP2 BP1 BP2
0.479 0.472 0.479 0.483 0.042 0.044
h+P
aP (W
+)∗
BP1 BP2
1.000 1.000
Table 2. Branching ratios of hT , h±T and h
±
P for the two benchmark points considered.
The numerical values have been computed with MadGraph5_aMC@NLO v.2.7.2.
two benchmark points. The next-to-leading decay channels are hT → hDhD and
hT → ZZ, with similar branching ratios. The decay into fermions of hT is less
relevant, the highest branching ratio being Br(hT → t¯t) ∼ 0.04. The charged triplet-
like scalar has two competitive decay channels, W+Z and W+hD. The branching
– 13 –
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Figure 4. Heavy charged Higgs searches at the LHC. (a) Bound on p p → t¯ b h+
(with h+ → τ+ντ ) from CMS (black curve) [48]. Red/Blue line is the CMS bound
times (RC31)2 times the branching ratio h
+
T → τ+ντ for BP1/BP2. Red/Blue cross is
σ(t¯ b h+T ) × Br(h+T → τ+ντ ) computed with MadGraph5_aMC@NLO v.2.7.2 for BP1/BP2.
(b) Bound on the vector-boson-fusion production of a charged Higgs decaying in W Z
bosons from CMS [49]. Red/Blue cross is σV BF (h+T ) × Br(h+T → W+Z) computed with
MadGraph5_aMC@NLO v.2.7.2 for BP1/BP2.
ratios for these two channels and for both the benchmark points is
Br(h+T → W+Z) ∼ Br(h+T → W+hD) ∼ 0.48 (3.13)
Finally the pure charged scalar h±P has a single decay-channel, h
±
P → aP (W±)∗, where
the W± remains off-shell. Like the branching ratios, the total decay-widths of the
triplet-like and pure charged scalars are also different. In fact, as we will see in
Section 3.4, the pure charged scalar has a life-time large enough to be measured in
experiments designed to detect long-lived particles. We’ve computed numerically the
total decay-width of hT , h±T and h
±
P , for the two benchmark points considered, with
MadGraph5_aMC@NLO v.2.7.2 [47]. Their values are
ΓBP1hT = 8.93 · 10−2 GeV , ΓBP2hT = 2.69 GeV, (3.14)
ΓBP1
h±T
= 8.95 · 10−2 GeV , ΓBP2
h±T
= 2.70 GeV, (3.15)
ΓBP1
h±P
= 3.03 · 10−16 GeV , ΓBP2
h±P
= 3.32 · 10−16 GeV. (3.16)
It can be clearly seen the hT and h±T will have prompt decays while h
±
P will
have displaced decays with a possibility of detection at the LHC [50, 51] and at
MATHUSLA [52]. However, the triplet-like charged Higgs h±T with prompt decay
– 14 –
will get constraints from the current LHC data. For this purpose we considered
the Heavy charged Higgs searches at the LHC and present our results in Figure 4.
In Figure 4(a) we show the bound on p p → t¯ b h+ (with h+ → τ+ντ ) from CMS
(black curve) [48]. The Red and Blue lines represent the same bound computed
with the branching ratios of h+T → τ+ντ of our benchmark points, where the cross-
sections is suppressed by the doublet-triplet mixing (RC31)2. Red and Blue crosses are
σ(t¯ b h+T ) × Br(h+T → τ+ντ ) computed with MadGraph5_aMC@NLO v.2.7.2 for BP1
and BP2 respectively.
Figure 4(b) showcases the bound on the triplet-like production and decay modes,
i.e. the vector-boson-fusion production of a charged Higgs decaying in W Z bosons
at the CMS [49]. Red and Blue crosses are σV BF (h+T )× Br(h+T → W+Z) computed
with MadGraph5_aMC@NLO v.2.7.2 for BP1 and BP2 respectively. Our benchmark
points are allowed by both the constraints coming from Heavy charged Higgs searches
at the LHC [48, 49].
3.4 Long-Lived Charged States
In the cTSM the DM candidate is the pure pseudoscalar withmDM ≈ 1.35−1.60 TeV.
However, as we have shown in Eqs. (2.15), (2.20) and (2.21), pseudoscalar, charged
and neutral triplet state are almost degenerate in mass. The close degeneration in
mass between aP and h±P allow us to consider an interesting possibility. If fact even
h±P is a pure triplet state and this means that its couplings with the fermions are
absent, similarly to the case of the pseudoscalar. However, the coupling aP h±P W
∓
is non-zero and hence the decay h±P → aP W± is possible. In fact the charged
component of a multiplet can be slightly heavier than its neutral counterpart even
at the tree-level and gets additional contribution to the mass splitting of O(102)
MeV at one-loop [34]. The total mass splitting is still quite small and hence only
the three-body decay of the charged Higgs bson h±P is possible. This will allow us to
consider h±P as a Long-Lived (LL) heavy state and its lifetime is in the range testable
by the proposed experiment MATHUSLA [52].
The partial decay width of h±P in aP W
± is given by [53]
dΓ
dx1dx2
(h±P → aPW ∗± → aPff¯) =
9
2pi3
G2F m
4
W mh±P
FaPW±(x1, x2) (3.17)
where
FXY (x1, x2) =
(1− x1)(1− x2)− κX
(1− x1 − x2 − κX + κY )2 + κY γY (3.18)
and, for the decay A → XY , κX,Y = m2X,Y /m2A, γY = Γ2Y /m2A. Considering that
our DM candidate has a mass mDM ∼ 1.5 TeV and that the mass splitting between
the charged and pseudoscalar Higgs boson is δm ∼ 166 MeV [34], we have that the
lifetime of the charged Higgs boson is
τh±P
= O(1015)GeV−1 = O(1)m (3.19)
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Figure 5. Decay length distribution for the LL particle h±P . We have considered the pair-
production pp→ h+Ph−P at hadron colliders, with (a)
√
s = 14 TeV and (b)
√
s = 100 TeV.
We mark with a dashed(dotted) line the ATLAS(CMS) upper limit for LL searches. The
solid black line is the MATHUSLA lower limit [52].
This is in agreement with the numerical computation of the total decay width of h±P
with MadGraph5_aMC@NLO v.2.7.2.
In Figure 5 we present the displaced decay length versus normalized number of
events of the pure charged Higgs boson. Here we have considered the pair-production
at the LHC with centre-of-mass energies of 14 TeV in Figure 5(a) and 100 TeV in
Figure 5(b) respectively. The vertical lines isolate different regions of detectability,
i.e. CMS ∼ 10 m, ATLAS ∼ 40 m and MATHUSLA ∼ 100 − 500 m respectively.
The decay length has been computed with Pythia8.2 [54]. The observations of the
displaced charged Higgs boson is very similar to the ones we saw in case of the real
triplet [10] with a difference that now we have an additional triplet-like charged Higgs
boson h±T which gives prompt decays in the similar mass range.
In the context of supersymmetry such triplet-like charged Higgs bosons mix with
the doublet ones. This is also true for the massive pseudoscalar boson that lose its
purity in terms of gauge eigenstates [11, 12]. In this case the pseudoscalar cannot
become the dark matter candidate. The charged Higgs bosons in these cases can
give rise to the triplet-like signature decaying to ZW±, which is proportional to
the square of the triplet VEV. Such decays are however prompt ones. Interesting
scenarios appear when one considers the charged Higgs boson super-partner, i.e. the
chargino, which can give rise to displaced decays [55]. The displaced Higgs boson
decays can also appear in various SUSY scenarios [56, 57].
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Figure 6. Correlation plot of the trilinear and quartic couplings λ(3)cTSM and λ
(4)
cTSM in
the cTSM. The SM values are marked with the star. The black points correspond to the
pseudoscalar satisfying the relic density for the DM.
3.5 Self-Couplings of the Higgs boson(s)
The self-couplings of the neutral scalar Higgs boson are important ingredients for a
clear understanding of the EWSB mechanism. In the SM there is only one quartic
self coupling, λSM, which encodes all the information about the scalar potential. In
models with an enlarged scalar sector the situation can be very different. We have
no more just one dimensionless parameter in the potential, i.e. λSM, and the relation
λ
(4)
SM = λ
(3)
SM/v does not hold in general.
In the cTSM the trilinear and quartic couplings of the SM-like Higgs boson (hD)
are expressed by
λ
(3)
cTSM ≡ ghDhDhD = 3λH v (RS11)3 − 3(κHT − λHT vT/2)(RS11)2RS12 (3.20)
+ 3λHT v/2R
S
11(R
S
12)
2 + 3λTvT/2(R
S
12)
3,
λ
(4)
cTSM ≡ ghDhDhDhD = 3λH(RS11)4 + 3λHT (RS11)2(RS12)2 + 3/2λT (RS12)4. (3.21)
We can see from Eqs. (3.20) and (3.21) that λ(3)cTSM = λ
(3)
SM(R
S
11)
3 + · · · and similarly
λ
(4)
cTSM = λ
(4)
SM(R
S
11)
4 + · · · . We see that even in the SM-like quartic and cubic
couplings will have contamination from the triplet parameters. To illustrate that we
plot in Figure 6 the correlation plot between δλ(3)cTSM and δλ
(4)
cTSM , defined as
δλ
(i)
cTSM ≡
λ
(i)
cTSM − λ(i)SM
λ
(i)
SM
. (3.22)
We have marked in black the points for which the mass of the DM candidate aP is
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compatible with the constraint on the relic density obtained from Planck, as previ-
ously discussed. For these points the difference in the trilinear self-coupling of the
SM-like Higgs boson hD is below 1%. Such a small deviation from the SM prediction
for the trilinear coupling of the Higgs boson cannot be observed at the proposed fu-
ture hadron colliders. In fact it is expected that the Future Circular Collider (FCC)
[58–60] will provide a measurement of the trilinear coupling with O(5%) accuracy
[59, 61]. The quartic coupling exhibit a maximum deviation of 20% for the points
that are satisfying the constraint on the relic density. In general the expected con-
straint at future colliders for the quartic coupling is looser than the trilinear one
[62–65]. A deviation of ∼ 20% will not be visible at proposed next-generation of
hadron or lepton colliders [66–68].
4 cTSM at Colliders
We have already pointed out that the couplings of the triplet states with the fermions
are suppressed if not absent, as in the case of aP , h±P . At the hadron colliders, like
the LHC, this will make their search quite challenging. The single production of
triplet-like states at hadron colliders (hT and h±T ) will proceed via quark-fusion but
with a suppression of order (vT/v)2 with respect to their SM counterpart. Similar
considerations will hold for the triplet-like states pair-production.
The situations can be different at very-high-energy lepton collider. Let us con-
sider as an example a multi-TeV muon collider. If the centre-of-mass energy is suffi-
ciently high (
√
s >∼ 10 TeV) the muon collider became effectively a W vector boson
collider [69]. A muon collider faces many problems concerning its functioning. The
ultimate reason for these issues is the fact that muon decay and their lifetime is also
short. Nonetheless the High-Energy-Physics community has put a lot of interest in
this option for the future colliders [26, 68–81]. This is justified by the astonishing
possibilities that a very-high-energy muon collider offer from the physics side. It will
be a facility for a test of the SM at high-precision level but also a discovery machine
for BSM physics [69].
We now discuss the cTSM at colliders. For this purpose we use MadGraph5_aMC@NLO
v.2.7.2 [47] and computed the cross-section for the most relevant production chan-
nels of the extra scalars aP , hT , h±P and h
±
T .
4.1 Hadron Colliders
First we consider the production cross-sections at hadron collider, i.e. at the LHC.
In Figure 7 we represent (very) schematically a production process at an hadron
collider. In order to be as generic as possible, we name a colored parton Cp (this
can be either a quark or a gluon), marked by a green spring. Moreover S is a scalar
boson (either charged or neutral), marked in blue, and B′ is either a scalar or a vector
boson (we chose a mixed line to depict them). Assuming that B′ may or may not
– 18 –
Cp
C′p
S
B′
Figure 7. Schematic production process of a scalar (S) and a boson (B′) at an hadron
collider. We depict with a green spring a colored parton (Cp). This can be either a quark
or a gluon. The scalar S (blue-dashed line) can be either a neutral or a charged one and
the boson B′ (dashed-blue/wavy-red line) can be either a scalar or a vector boson.
Production modes
σ [fb]
√
s = 14 TeV
√
s = 100 TeV
BP1 BP2 BP1 BP2
p p→ hT 6.7 · 10−7 2.7 · 10−5 8.4 · 10−5 3.2 · 10−3
p p→ h±T 8.2 · 10−7 3.2 · 10−5 9.5 · 10−5 3.5 · 10−3
p p→ hT hT 2.3 · 10−7 1.6 · 10−8 4.3 · 10−4 2.7 · 10−5
p p→ aP aP 2.2 · 10−7 1.1 · 10−9 4.2 · 10−4 1.8 · 10−6
p p→ h+T h−T 3.9 · 10−3 4.9 · 10−3 1.3 · 100· 1.4 · 100
p p→ h+P h−P 3.9 · 10−3 4.9 · 10−3 1.3 · 100· 1.4 · 100
p p→ hD hT 1.5 · 10−5 5.4 · 10−4 5.1 · 10−3 1.8 · 10−1
p p→ hD h±T 1.7 · 10−6 6.7 · 10−5 1.1 · 10−4 4.1 · 10−3
p p→ hT Z 1.3 · 10−6 5.0 · 10−5 1.0 · 10−4 3.7 · 10−3
p p→ hT W± 1.9 · 10−6 7.3 · 10−5 1.2 · 10−4 4.3 · 10−3
p p→ h±T Z 1.9 · 10−6 7.5 · 10−5 1.2 · 10−4 4.4 · 10−3
p p→ h+T W− 2.4 · 10−5 9.1 · 10−4 4.2 · 10−2 1.5 · 100
p p→ hT p p′ 3.1 · 10−7 1.4 · 10−5 7.9 · 10−5 3.9 · 10−3
p p→ h±T p p′ 3.6 · 10−7 1.4 · 10−5 8.5 · 10−5 3.1 · 10−3
Table 3. Various BSM production processes from pp collisions and VBF at hadron colliders.
The c.o.m. energy considered are
√
s = 14 TeV as benchmark energy at the LHC and√
s = 100 TeV as benchmark energy at FCC.
be produced, Figure 7 represents the various production processes listed in Table 3,
apart the last two. These are the single production of hT/h±T ; the pair production
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V ′
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V
S
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Figure 8. Schematic production process via VBF of a scalar (S) and a boson (B′) at a
muon collider. We depict with a wavy-red line a gauge boson (γ, Z or W±). The scalar
S (blue-dashed line) can be either a neutral or a charged one and the boson B′ (dashed-
blue/wavy-red line) can be either a scalar or a vector boson.
of aP , hT , h±P and h
±
T ; the associated production of hT/h
±
T with the SM-like Higgs
boson or the massive vector bosons.
The production cross-sections listed in Table 3 have been computed for
√
s =
14, 100 TeV with MadGraph5_aMC@NLO v.2.7.2. We’ve used the nnpdf2.3qed par-
ton distribution functions [82] with µF = mZ . At
√
s = 14 TeV, considered as the
benchmark energy for the LHC, the production cross-sections for the BSM states
cover the range 10−7 − 10−3 fb for BP1 and 10−9 − 10−3 fb for BP2. These cross-
sections are too low to have any chance of discovery at the LHC. The benchmark
energy considered for the Future Circular Collider (FCC) is
√
s = 100 TeV [83]. By
inspection of Table 3 we can see that in this scenario the production cross-sections
span over the range 10−5−100 for BP1 and 10−6−100 for BP2. However, although the
production cross-section is enhanced by 2/3 orders of magnitude from the
√
s = 14
TeV to the
√
s = 100 TeV case but still too feeble to be resolved from SM back-
grounds in general. Thus one has to look for multi-lepton final-states to win over the
SM backgrounds [11].
4.2 Muon Collider
Let us now consider another possibility for the future colliders. Lepton machines are
usually thought to be precision machine, suitable for testing the know features of
the SM. Although this is certainly true for low-energy e+e− colliders, the possibility
to search for BSM physics at a lepton collider has been considered and partially
exploited in the recent years. In particular, the possibility of a circular µ+µ− collider
running at several-to-many TeV has attracted the community. Despite the technical
issues, ultimately related to the short lifetime of the muons, a circular µ+µ− collider
has many dream-like features. Among the other, we mention explicitly the huge
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Production modes
σ [fb]
√
s = 14 TeV
√
s = 30 TeV
BP1 BP2 BP1 BP2
µ+µ− → hT νµν¯µ 1.8 · 10−2 6.2 · 10−1 2.9 · 10−2 9.6 · 10−1
µ+µ− → h+T µ−ν¯µ 5.3 · 10−3 1.8 · 10−1 8.4 · 10−3 2.8 · 10−1
µ+µ− → hT hT νµν¯µ 1.9 · 10−2 2.0 · 10−2 4.8 · 10−2 5.1 · 10−2
µ+µ− → aP aP νµν¯µ 1.8 · 10−2 2.0 · 10−2 4.7 · 10−2 5.0 · 10−2
µ+µ− → h+T h−T νµν¯µ 1.3 · 10−2 1.4 · 10−2 3.4 · 10−2 3.6 · 10−2
µ+µ− → h+P h−P νµν¯µ 1.3 · 10−2 1.4 · 10−2 3.4 · 10−2 3.6 · 10−2
µ+µ− → hD hT νµν¯µ 1.6 · 10−4 5.7 · 10−3 3.7 · 10−4 1.3 · 10−2
µ+µ− → hD h+T µ−ν¯µ 4.8 · 10−5 1.6 · 10−3 1.1 · 10−4 3.8 · 10−3
µ+µ− → hT Z νµν¯µ 7.7 · 10−4 2.6 · 10−2 1.7 · 10−3 5.6 · 10−2
µ+µ− → hT W+µ−ν¯µ 4.1 · 10−4 1.4 · 10−2 1.0 · 10−3 3.4 · 10−2
µ+µ− → h+T Z µ−ν¯µ 1.4 · 10−4 4.8 · 10−3 3.6 · 10−4 1.2 · 10−2
µ+µ− → h+T W− νµν¯µ 9.7·10−4 3.2 · 10−2 1.9 · 10−3 6.1 · 10−2
Table 4. Various BSM production processes viaW -boson-fusion orW+ Z/γ∗-boson-fusion
at a multi-TeV muon collider.
advantage in terms of parton luminosity compared to a pp collider running at the
same energy [69].
In Figure 8 we depict, very schematically, a production process via vector-boson-
fusion at a muon collider. Here V, V ′ are vector bosons, either W , Z or γ, whereas
S and B′ are the same of Figure 7. With these definitions Figure 8 represents
the various production processes listed in Table 4 computed by MadGraph5_aMC@NLO
v.2.7.2 at the tree-level with centre of mass energies of 14 and 30 TeV.
By comparing Table 4 and Table 3 we can see that, concerning the single pro-
duction, the cross-section at a multi-TeV collider highly overcome the ones at an
hadron collider ate the same energy. If we take
√
sp =
√
sµ = 14 TeV
σ14 TeVµ (X)
σ14 TeVp (X)
= 104 − 102 (4.1)
Moreover we see that σ14 TeVµ (X) >∼ 102 σ100 TeVp (X). Similar arguments hold for the
neutral pair-production. A hadron collider at 100 TeV is competitive with a 14 TeV
muon collider for the charged scalars pair-production and the associated production
of hT/h±T with SM(-like) particles.
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Figure 9. (a) Significance vs luminosity for the hT , h±T , h
+
T W
−, hT Z and h+Ph
−
P production
processes through VBF at a 14 TeV muon collider. The production cross-sections are
multiplied by the branching ratios Br(hT → W+W−) or Br(h+T → W+Z), depending on
the channel considered. The background considered is the WBF production of W+W−Z
in the SM, with M(W+W−) = mhT or M(W
+Z) = mh+T
for BP2. The process h+Ph
−
P is
considered background-free because h±P is a LL state. (b) Plot of vT vs discover luminosity
obtained from the WBF production of hT at a 14 TeV muon collider. The black dot-dashed
line is obtained from the points that satisfy the Planck constraint on the DM relic density.
We have also considered the physics reach for some of the listed processes at
a muon collider. These results are presented in Figure 9. In Figure 9(a) we plot
the significance as function of the luminosity for the hT , h±T , h
+
T W
−, hT Z and h+Ph
−
P
production processes through VBF at a 14 TeV muon collider. In the definition of the
significance, σ = S/
√
S +B, S and B stand for the number of events for the signal
and the background respectively. For each line of Figure 9(a) we have considered the
production cross-section relative to BP2 and multiplied by a branching ratio. To be
specific, for the green line signal and background are given by
S : σ(µ+µ− → hT νµν¯µ)×Br(hT → W+W−) ·L, (4.2)
B : σ(µ+µ− → W+W− νµν¯µ) ·L, (4.3)
with M(W+W−) = mhT ± 5 GeV.
A similar strategy is applied to the single production of h±T and the pair-production
hTZ and h+TW
−. For the charged scalar Higgs h±T we have considered the branch-
ing ratio Br(h+T → W+Z). This give us a conservative estimate on the significance
vs luminosity not because of the signal but for the higher cross-section (via VBF)
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of W+W−Z compared to W+W−H [69]. The pair production h+Ph
−
P has been con-
sidered background-free. The pure charged triplet h±P has a single decay channel,
namely h+P → aP (W+)∗. Whereas the pseudoscalar is undetectable, the process will
give rise to displaced off-shell W boons: there is no SM process that have this par-
ticular final state. This also gives rise to displaced leptons/jets plus missing energy
in the final-state.
In Figure 9(b) we plot the reach of the triplet VEV vT as a function of L5σ.
This is the luminosity required at a 14 TeV muon collider for the discovery of hT
produced via VBF. The estimation of the background has been already explained.
The black dot-dashed line is obtained from our scanned points that satisfy the Planck
constraint on the DM relic density.
5 Conclusions
Here we studied an extension of the SM with a complex hyperchargeless triplet
scalar. The triplet extensions are well motivated from the viewpoint of the enhanced
vacuum stability [9, 10]. On top of that a complex triplet extension of the Standard
Model can provide a natural dark matter candidate without any discrete symmetry
because the purity of the triplet acts as an odd number in a Z2 symmetry. The scalar
spectrum has 4 additional scalars, 2 neutral and 2 charged. In the cTSM the massive
pseudoscalar is a pure triplet and its pureness makes it a DM candidate as it fails to
have any cubic interaction vertex with the fermions as well as the gauge bosons. The
relic density constraint from Planck measurements is satisfied if maP ∼ 1.35 − 1.60
TeV for the scanned data points which also satisfy the direct dark matter constraints
as well as the LHC Higgs boson data.
Apart from the pseudoscalar, the spectrum consist of two charged Higgs bosons
almost degenerate in mass: h±P and h
±
T . The former is a pure triplet whereas the later
is a state with a small mixing with the doublet. The purity conservation prohibits any
2-body decays h±P , making the collider phenomenology of the cTSM quite interesting.
The h±T has prompt decay into the non-standard mode of ZW
±, which is a signature
of custodial breaking [84, 85] and can be differentiated from other non-standard mode
like h± → aW± in the case of NMSSM charged Higgs boson [86], or h± → N e±
in case of Type-X with right-handed neutrino [87]. In the case of superysmmetric
extensions with triplets, physical charged Higgs bosons are always mixed with the
doublet ones and so are the pseudoscalars. This lack of pureness of the triplet states
implies that the possibility of a pseudoscalar dark matter ceases to exist [11, 12].
In the cTSM the most interesting charged Higgs boson is the pure triplet one, i.e.
h±P which decays to aP (W
±)∗. This can give rise to displaced charged leptons/jets
plus missing energy [10]. We give an estimate of that at a multi-TeV muon collider
along with many other production channels. Such lightest charged Higgs has a
lifetime τh±P = O(1) m, in the range of proposed experiments for testing long-lived
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particles like MATHUSLA [10, 52]. The triplet playing a role in EWSB can be
estimated by probing the vT (VEV of the triplet) and the corresponding required
luminosities are also listed. The LHC and FCC would look for the cubic and quartic
Higgs couplings and the triplet contamination can also be constrained.
The Y = 0 triplet nature makes these excitation to hard to be produced at
present hadron colliders. Thus the next elusive Higgs may be quite natural. Looking
for the mentioned channels at the LHC with 14 and 100 TeV centre of mass energy
along with the futuristic multi-TeV muon collider can provide us with some surprises.
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